We demonstrate optomechanical interference in a multimode system, in which an optical mode couples to two mechanical modes. A phase-dependent excitation-coupling approach is developed, which enables the observation of constructive and destructive optomechanical interferences. The destructive interference prevents the coupling of the mechanical system to the optical mode, suppressing optically-induced mechanical damping. These studies establish optomechanical interference as an essential tool for controlling the interactions between light and mechanical oscillators.
Cavity optomechanics explores fundamental interactions between light and mechanical oscillators [1, 2] . While earlier research efforts have focused on simple two-mode systems, in which an optical mode couples only to one mechanical mode, recent efforts have also emphasized multimode systems, in which an optical (or mechanical) mode couples to multiple mechanical (or optical) modes. These multimode systems can enable and provide a versatile experimental platform for a rich variety of physical phenomena, such as exceptional points and topological energy transfer [3] , back-action evasion [4, 5] , two-mode squeezing [6, 7] , and optical or mechanical state transfers [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Interference plays a pivotal role in quantum control of multi-level or multi-qubit systems.
The advances on multimode systems have thus stimulated strong interest in exploring optomechanical interference processes and in using these processes for applications such as optomechanically-mediated interfaces, entanglement, and ground state cooling [19] [20] [21] [22] [23] [24] . For example, when two mechanical modes couple to a common optical mode [3, [5] [6] [7] 13, 17, [25] [26] [27] , destructive interference between the respective optomechanical processes can prevent the coupling of the mechanical system to the optical mode, leading to the formation of an optically-dark mechanical superposition mode [23, 26] . Similarly, a mechanically-dark optical superposition mode can be formed when two optical modes couple to a common mechanical mode [19, 20] . These dark modes can be used for the realization of state transfer as well as two-mode squeezing. The dark optical mode can also be exploited to circumvent the effects of thermal mechanical noise [19, 20, 22, 23] . Evidence for dark optical and dark mechanical modes has been reported in earlier studies [8, 26] , though there has been no direct experimental probe on the underlying optomechanical interference process.
In this paper, we report experimental demonstration and manipulation of optomechanical interference in a multimode system, in which an optical mode couples to two mechanical modes.
We observe constructive and destructive optomechanical interferences by using a phase-dependent excitation-coupling approach and by varying the relative phase of the optical fields that couple to the respective mechanical modes. With a phase shift of π, these interference processes can effectively switch the mechanical system from an optically-active to an optically-dark superposition mode. Additional experiments on the decay of the dark mode demonstrate directly the suppression of optically-induced mechanical damping and thus the decoupling of the mechanical superposition mode from the optical mode by the destructive optomechanical interference. Overall, these studies establish that interference is an effective and essential tool for controlling the interactions between light and mechanical oscillators.
For the three-mode system shown in Fig. 1 , two mechanical modes with frequencies ωm1 and ωm2, couple to an optical mode with frequency ω0, with the optomechanical coupling driven by two strong external laser fields, E1 and E2, which are respectively ωm1 and ωm2 below the optical resonance. The interaction Hamiltonian including only resonant processes is given by
where 1 b and 2 b are the mechanical annihilation operators in their respective rotating frames, â is the annihilation operator for the optical mode in the rotating frame of a signal field with frequency ωs, φ1 and φ2 are the initial phases of E1 and E2, and G1 and G2 are the optomechanical coupling rates for the individual mechanical modes. Under these conditions, the mechanical system features bright and dark mechanical modes, described respectively by their annihilation operators,
With G1=G2, the two superposition modes in Eq. 2 are completely controlled by the relative optical phase, ∆φ =φ2−φ1. In particular, by making a π phase shift in ∆φ, we can turn a bright mechanical mode into a dark mechanical mode. Our experimental studies not only demonstrate the constructive and destructive interferences underlying the bright and dark modes, respectively, but also show that the destructive interference suppresses optically-induced mechanical damping.
These interference experiments have been carried out at room temperature and above the thermal background. They can also be extended to the quantum regime.
A silica microsphere with a diameter near 200 µm is used as a model multimode system.
For our experiments, two mechanical whispering gallery (WG) modes, with frequencies ωm1/2π=69.48 MHz and ωm2/2π=69.66 MHz and damping rates γ1/2π=3.5 kHz and γ2/2π=3.6 kHz, are coupled to a WG optical resonance with a wavelength near 1.55 µm and with damping rate κ/2π=1.6 MHz. The optomechanical interactions take place via anti-Stokes Brillouin scattering of the optical driving fields from the mechanical modes [28] [29] [30] . The input optical power used for the weak signal field near the optical resonance is less than 0.01 mW. For the optical driving fields, the input optical powers used range from 0.6 to 1.2 mW. Additional experimental details including the experimental setup are presented in the supplementary materials [31] .
We have developed a phase-dependent excitation-coupling approach to probe optomechanical interactions and especially interference processes. We first illustrate this approach using a two-mode system. As shown in the inset of Fig. 2 , a weak optical signal field, Es, with frequency ωs=ω0, and an optical driving field, E1, with frequency ω1=ωs-ωm1, couple to the mechanical mode, converting the signal field in the optical mode to a mechanical excitation [32] [33] [34] . After Es is switched off, E1 couples to the induced mechanical excitation, converting the mechanical excitation back to optical fields. In addition, we introduce a phase slip in E1 right after
Es is switched off. The initial phase of E1 in the excitation stage is θ1. The phase is then changed to φ1 in the coupling stage (see Fig. 2 ).
Heterodyne-detected emissions from the optical mode, with E1 as the local oscillator, are transparency (OMIT) experiment [34] . The exponential decay after Es is switched off corresponds to the conversion of the induced mechanical excitation back into optical fields. With κ>>(γ1, G1), this conversion process leads to irreversible optically-induced damping of the mechanical excitation, with the total damping rate given by (1+C1)γ1, as confirmed in Fig. 2 . Note that interference also plays an important role in two-mode systems through OMIT [35] . However, the underlying optomechanical coupling cannot be controlled via a phase shift in the optical or mechanical excitations. The experimental result for the two-mode system shown in Fig. 2 is independent of θ1 as well as the phase slip φ1-θ1.
We now extend this approach to the three-mode system, for which two optical driving fields, E1 and E2, with frequencies ω1=ωs-ωm1 and ω2=ωs-ωm2, couple to the two mechanical modes. The pulse sequence of the experiment is shown in Fig. 3a . For simplicity, no phase slip is introduced for E2, (i.e., θ2=φ2). In the coupling stage, the induced mechanical excitation is in a bright mechanical mode when φ1=θ1. The same excitation, however, is expected to be in a dark mechanical mode when G1=G2 and θ1 is π out of phase with φ1. In general, the mechanical excitation can be a combination of both bright and dark modes.
Heterodyne-detected emissions from the optical mode are shown in Figs. 3b and 3c as a function of time. A spectral filter is used such that only the heterodyne beat at frequency ωm1, with either E1 or E2 as the local oscillator, is detected. The emissions in Figure 3b are detected during the excitation stage of the experiment. Similar to Fig. 2 , the decay of the emission in Fig. 3b corresponds to the increasing conversion of the signal field in the optical mode into the mechanical excitations and shows an effective cooperativity of C=1.4. The emissions in Fig. 3c are obtained when Es is switched off. In this case, the optical driving fields convert the mechanical excitations back to optical fields, leading to optically-induced mechanical damping. As revealed in Fig. 3c , the optomechanical coupling process depends strongly on the phase slip φ1-θ1.
The heterodyne-detected optical emission energy obtained in a time span of 0.4 ms after Es is switched off is plotted in Fig. 3d as a function of φ1. These data are derived from experiments similar to those in Fig. 3c . The interference fringes observed in Fig. 3d are sinusoidal with a period of 2π. The minima and maxima in the oscillations correspond respectively to the dark and bright mechanical modes. The sinusoidal oscillations reflect the switching of the mechanical system between the dark and bright modes as φ1 is varied. Similar oscillations are also observed when the heterodyne beat at frequency ωm2 is detected.
The interference underlying the oscillations shown in Fig. 3d takes place between two optomechanical coupling processes: red sideband coupling of E1 to mechanical mode 1 and that of E2 to mechanical mode 2. Under the condition of two-photon resonance,
both processes result in converted optical fields at the same frequency. For the dark mechanical mode, the two converted fields interfere destructively; whereas for the bright mechanical mode, the two converted fields interfere constructively.
Destructive optomechanical interference not only leads to corresponding destructive interference in the converted optical fields, but also suppresses optically-induced mechanical damping. In a simple picture, the destructive interference prevents the conversion of the mechanical excitation to optical fields, thus inhibiting the optically-induced mechanical damping and effectively decoupling the mechanical system from the optical mode. To determine the damping rate of the dark mode, we append a measurement stage to the pulse sequence in Fig. 3a .
As shown in Fig. 4a , after keeping the mechanical system in the dark mode for a duration of τ, we switch the initial phase of E1 back to θ1. Correspondingly, the mechanical system is switched back to the bright mode. Heterodyne-detected optical emissions occurring in the measurement stage probes directly the amplitude of the dark mode at the end of the coupling stage. The emission energy obtained for a time span of 0.4 ms in the measurement stage is plotted in Fig. 4b as function of τ. Similar to Fig. 3 , only the heterodyne beat at frequency ωm1 is detected. Note that the damping rate of the bright mechanical mode can be derived from experiments similar to those in Fig. 3c , in which we measure directly the heterodyne-detected optical emission as a function of time after Es is switched off.
The damping rate for the dark mechanical mode, derived from Fig. 4b , is γD/2π=7.8 kHz.
In comparison, the damping rate for the bright mechanical mode obtained under otherwise the same experimental condition is γB/2π=11 kHz (see the inset of Fig. 4b ), corresponding to C=2.1.
The relative reduction in the optically-induced mechanical damping rate due to the destructive
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The suppression is not complete, in part due to the slightly unequal damping rates of the two mechanical modes, and to a larger part due to optomechanical coupling processes that are not two-photon resonant. These processes include the coupling of E1 to mechanical mode 2 and the coupling of E2 to mechanical mode 1 [31] . These two processes do not experience destructive interference, leading to effective damping of the mechanical modes.
For a theoretical analysis of the experimental results, we have used the semi-classical coupled-oscillator equations, with the equations of motion given by α β γ β φ δ
where , and have omitted coupling terms that are not twophoton resonant (the general equations are given in [31] ). It is straight forward to show from Eq.
3 that with γ1=γ2, the amplitude of the dark mode,
, is completely decoupled from the field in the optical mode. Theoretical calculations, which include both two-photon resonant and non-resonant optomechanical couplings and use experimentally determined parameters, are in good agreement with the experimental results on the fringe visibility shown in Fig. 3d and on the damping rate of the dark mode shown in Fig. 4b . As shown in Fig. 4b , the theoretical calculation that includes only two-photon resonant optomechanical coupling yields a damping rate for the dark mode, γ/2π=3.6 kHz, nearly the same as γ1/2π and γ2/2π. In this regard, the residual opticallyinduced mechanical damping for the dark mode is almost entirely due to the two-photon nonresonant couplings, which can be suppressed if the frequency separation between the two mechanical modes far exceed the optical linewidth. φ0 is an offset such that the dark mode occurs when φ1-φ0=π. from the optical mode obtained in the measurement stage as a function of τ, with θ2=φ2 and G1= G2 and with φ1 adjusted such that the mechanical system is in the dark mode in the coupling stage.
The dashed line shows the corresponding theoretical calculation discussed in the text. The dashdotted line shows the theoretical calculation that includes only two-photon resonant optomechanical coupling, yielding a damping rate, γ/2π=3.6 kHz. The inset shows the measurement of the bright mode decay in the coupling stage. The solid lines are numerical fits of the experimental data to single exponential decays.
